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ABSTRACT 

Annular internal-external-expansion rocket nozzles f o r  large- thrust  
booster appl icat ions have been experimentally evaluated i n  cold-flow stud- 
i es  i n  the Lewis  Research Center 10- by 10-Foot Wind Tunnel i n  quiescent 
air and a t  Ikch 2 t o  3,, These nozzles have external  a i r  flowing through 
the  center  as well as around the outside of t he  ex i t ing  j e t ,  In  essence, 
these are mfined  c l u s t e r  configurations w i t h  excellent aerodynamic char- 
a c t e r i s t i c s  in terms of "off-design1q performance, base heating e f f ec t s ,  
and thrust vectoring capabilities. Ki th  an area-ratio-25 annular nozzle, 
the  r a t i o  of n e t  t o  ideal th rus t  was essen t i a l ly  independent o f  pressure 
ratio a t  below design conditions, remaining essen t i a l ly  constant a t  ap- 
proximately (3.98 over a pressure r a t io  range of 4C t o  1,000, 
conventional 8 t 1 cqnvergent-divergent noz zles,  t h i s  performance could be 
t r ans l a t ed  i n t o  a 17-percent increase i n  o r b i t a l  payload fir t h e  s a m e  i n i -  
t i a l  vehicle gross  weight. 

Cornpared to 
. 

An asymmetric external-expansion "penshape" nozzle has also been dem- 
onstrated t o  have exce l len t  "off-design" th rus t  performance, T h i s  uncon- 
ventional nozzle design lends i tself  t o  unusual packaging arrangements -- 
a J e t  canard configuration i s  used herein f o r  i l l u s t r a t i o n .  Th i s  canard, 
i n  concept, combines aerodynamic and reaction control i n  t h e  uppermost 
s t age  t o  remove the s teer ing  function f r o m  the  main propulsion system and 
t o  take advantage of the l a rge  nonent a rm,  

INTRODUCTION 

The tern %nconventionalI1 is current ly  i n  vogue as a catch-al l  ref- 
erence t o  a variety of new rocket nozzle concepts (e.g, references 1, 2 
and 3). 
boundary on t h e  J e t  t o  obtain good t h r u s t  cha rac t e r i s t i c s  a t  less-than- 
design pressure ra t io .  
convergent-divergent nozzles can be avoided, 
viewpoint, the use of external expansion i n  t h e  exhaust nozzle of fe rs   any 
p o t e n t i a l  advantages i n  terms of I1off-designf1 t h r u s t  perfo nance,  external-  
stream and base-flow aerodynamics, and s t ruc tu ra l  considerations. 
Lewis iiesearch Center, two areas of appl icat ion f o r  such nozzles have been 
considered; one, in the main propulsion system of large-thrust  boosters 
where an annular nozzle configuration has been pmposed; ahd two, i n  a 
je t -canard configuration on the uppermost s tage where an asymmetric ex- 
ternal-expansion "penshape" nozzle is  provided t o  geawate the required 
attitude control .moments. 

Most of these designs are aimed a t  making use of a free-expansion 

I n  t h i s  way, t h e  over-expansion thrust losses of 
From an overa l l  vehicle 

A t  t h e  

Subseqyent discussion w i l l  detail the specif ic  
research i n  tht,, -&G'000 
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'z"hnrst vector control in these annutar corifi~uraticms ,riight well be 
achieved by flaps on the exte-mal expansion surface being deflected into 
or aut of tb.e ex!~aust j e t  in an area of tne nozzia whem t i e  local heat 
flux is l o w  and cooling wuld be in &fee% f m ~ n  tbe ambient air on 
the opposite side of the flap. To explore LMs teclmique of vectoring, 
two such flap6 were installed on both annular nozzles. 
catad diametrically oppoaito each other in the pitch plane, 

lbeae were lo- 
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hiependent of pressure ra t io  at behu-desig~ conditions, r e d n i n g  esaen- 
tially constant at approximately 98 percent over h e  pmssiup ratio range 
af LO to 1,ooO. 
ratio-5 annular noode had a thrust ratio of 0.98, capred  with 0.91 and 
0.80 for an equivalent 6 25 C-D nozzle with and dtbout separation, re- 
spectively, and 0.95 f o r  an e = 8 C-D nozlle, External expanaim thus 
srllows noazles with higbcrr ama nrtios to be used w h i l e  maintaining a t  
least the same thrust capability at  ntakf).9ffs as far vehicles d t h  con- 
rantional C-D nwolea. Aa evid,enaed by the data, there 1588 110 measur- - 
able effect of P‘!h number (i.e.8 quiescent-air msults wetre  essentially 
the same as those obtained at I i a c h  2 and 3). 

A t  siprmlated launch qonditions (Pc/po N &O), the araar- 

Performance data obtained w i t h  an 8:l C-D noezle are also included 
in the figure, T h i s  nozala WBS run tg validate the fRwl of force data 
and establish confidence i n  the forceheasurenents. 
data of reference & show geaxal ly  eood agrement. 

Comparison with ths 

To explore the significance of these inpro-nta i n  nozzle thnust 
frrras an over8l.l vehicle perfumance viewpoint, sme cursory considerstion 
was given to an actual large bc~ater application. As aham %n figu;l.e 5, 
a mpresentative boost tra,jectoly (ct i tude  v e m a  t ime)  uas ammed for 
a largo (million-pouad) vehicle, hrmspondinpl thrust coefficients for 
three nosmle canfigurations (an e - 25 armulas interml-exteznal-e3Fpansfon 
w z l e ,  UI 6 - 8 and an = 25 C-D nortile) are presented in  tta flg- 
we along wlth the thrust coefficients f o r  a theoretical  ideal nozzle. 
’Ihe supsrlority of the annular nosele o m  the 6 -  8 C-D nosale occurs 
~ I J  a t  the higher alt i tudes and is indicated by the shaded area. 
Its supariority over the 6 - 25 bell C-D nozzle occurs at  the lover al- 

ttrruet coefficient for the 6 0 25 amulur noaele is 3 percent larger than 
that for t h e  6 = 8 C-D nozzle and 6 percent larger than that for the 

Ukpde~ md i8 indicated by the CmSB-hstChgd The U-btBgmMd 

< - % b e l l  C-D no%%le. 

With the assunrptiom that there i s  no signif3cant difference in engine 
wi&b with the varfou noz&les, these results would indicate that, corn- 
pared dth an e = 8 C-D nozzb, the anrmlar nozzle could ( w i t h  ths same 
initial vehicle gross weight) carry 17 percent  more orbital =load. En- 
gine stse (or thraat area) snd the mass fmctions of the upper nstages were 
assumed fired, Because the E D  nozzles w i l l  probably rsquire 8ome 
hsavy heat sNelds in the bass arear the asmaption of equal engine weights 
r r ~ ~ e g r e r  reasonable. 

Jet F l o w  v”bservations ami T a t  C‘ecbr \=oritxol: 

Vi& observations of the exit  flow pat te rn  on the E = 15 a.muhr 
intemil-edernal-expansion nozzle 81‘8 shown in t h e  schlieren photographs 
of figure 6. The patterns are presented for nozele pressure ratios be- 
Inw, near end above the design vdw. A t  Mowdesign condftSons 
(Pc/po - &3), the f l o w  did not f i l l  the nozzle ex i t  annulus but folloved 
the external mmp contour w i t h  no indication of separation, This obser- 
vation WBS apported by the survey rake date. Along the m p ,  the static 
pressures Icesained at  approximately mbient pr0s3~re.  Rear design, the 
f l ow  f i l l e d  the noszle and appeared to be f a i ~ l y  uniform and palal le l  with 
the Preg-stmam direction. A b o v e  des*, the jet diverged or flared out 
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Concluding Ranarkat 

The annular intemal-cxtemal-expansion mckot nogsle proposed herein 
for large-thrust booster ~ p l i c a t i m s  can be regarded as a -fined cluster 
Configumtion With exce l lent  aemdpmic characbriatics in tern af " O f f 9  
design" p e r f o m c e ,  base heating effects, and thrust vectoring c a p a r U -  
ties, As lllustruted, in fQpm 8, the geaaetry of an actual installation 
might be signl.fhantly mdif ' led frcm that of the present study. 
experimental model the length of shrvlud fn>81 the b l e d  inlet to the nos- 
ale lip was inordinately long because of the long thin hollow struta and 
settling chamber mquired with the ductin& of the high-pressure air. 
bleed inlet spten need not  necessarily be annuler, but could consist of 
several flush slots, as suggested here. 
surface can be 8ignificantly shortepled by wing  a conical rather than 8 
contaured surfam. Canaiderable data is available in the l i teraturn to 
su2port ths supposition that this shortening vould not affect the m~lrle 
perforaance. A more accurate assessment of the o.crerall mFit of annular 

and vehicle integmtlan studies, dith the annular confSguratims, p a d -  
le1 coccssrtric boosters or airbreathins h08t stages in the center of the 
armulua o f f e r  sane other interesting possibilities for future considera- 
tion. 

In ths 

The 

'phe protnrdFng external-eqansion 

rocket CodigUrationS mc88sitabs detailed 8 t A l C t U ' a l  weight md3T3iS 

Lat ua now turn out attention to the steering, or control, aspects 
of very large vehicles, 
c0nventfrm.l mthods of gimbaling or t h r o t t l i n g  of largs engines incur 
mvem p a l t i e s  f i  terras of stnrctural wight  and mechanical complexity. 

f o r  boosters ~ A t h  mill ion8 o f  paunda of thrust, 

Jet canard Concept: 

of a $et ammi oa the uppennost stage of the vehicle. The objectioe of 
this approach Sa, first of all ,  t o  remove the steefing fluLCtion fmm the 
main pmpulsion system and t o  take advantage of the long moment arm that 
results from positfrrning the ccatrol in the upperuiost stage, "merally, 
fn the very large vehicles the booster is apt ia be quite stubby and the 
center of graVrty for the entire vehicle a11 be located wU. down in the 
boater stage, Fmn the uppennost stage, the required control mamsrrts 
could be provided for a l l  stages of  the vehicle. 

As illustrated in figure 8, one solutscm to this m i g h t  be the use 
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The jet CManj, in concept, would provide a aonbinatim of both aero- 

dpmric and reaction coatml. 
forces on the canard surfwes would achieve the necessary side forces. 
A t  launch mi in the l0w-"qn and space portfais of the dssion, a reaction 
Jet discharging from the base of the canard fins might be wed. 

In the sensible atmosphere aemdynaaic 

Such a geometry lends itself t o  unwual. packaghg suraxgeaaants on a 
vehicle - the jet caasrd being representative of one type of application. 
Possible details of such an spplication PTB suggested 3n the bwer pcwtion 
of figtire 10. Xere the coad3ustora are depicted as spherical and the motor8 
as rutatable about a point n w  tho tbroat. 
traW in Lhis applicatim. Various degrees of side force cauld be gcner- 
ated by differential rotation of the motors or flaps on the erpanslan sulic 
faces, by d i f f e m t i a l l y  varYing the chanbar pmssuree, or lqy pub8  0~8x4- 
ation of the motora, 

Four CraMUd fins are iUu- 

Ekprimental Apparatus: 

To explore ths oerodynaraic feasibility of the asymfaetrle e x ' k m -  
expmsiun  penshi hi ape* nozzle for jet-canard application, an exparfarsntal 
cold-flaw study UBS corducted in tha Lewis 2- 2-Foot rJhd 'Rpultel. The 
experimental m o d s 1  is sham at the top of figure U. The canMgaratdon 
Bad two simulated canards ui th  the j e t s  discharging frara the baste Bzea at  
various angles t o  the body axis. 
diameter circular throats and Q design 81.88 ratio of 8, To a i m l a t e  
motor rotation, interchangeable maale sections uem used to vary the dis- 
charge angle up to 90 degrees with respect to the free-etrem direction. 

pia. With the mzzles wunted on a strain-gage balance syBtas, perfow- 
arc8 was obtained in quiescent air and a t  Hach 3.86. 

The 'pensbipe" mzales had 1/Llinch- 

bta8d n5-m U#d t o  S b U l 8 b '  the 36% a# P 8 - B  Up %O 600 

Nozzle Thrust P e r f o m o w  

Show in figure 11 are the "pensbape" nozzle thrust characteristics. 
A6 previously done, the r a t i o  of thrust to ideal  th-t (in the directian 
of the thrust vwctor a t  each pressum ratio) is preecnted as a fbnction 

Urns, the ~penshape8 nozzle thrust ratio i a  inseasitive to pressure za- 
U o  a t  belodesign conditions. For compari80n, tkne perfomanst8 a f  an 

af W Z Z ~ ~  PmSSUrra r a t h e  AS typical Of aXteITBI-cdio~r C o n f i g ~ r r r -  



Characteristic flow patterns of tine jet canan3 w i t h  "penahapef' ex- 

In both cases) the f l o w  follows the 
bust nozzles w e  shorn in figure 12 for pressure mtios below and approx- 
imately equal to the design value, 
contoured expansion surface with f10 indication of separation, 
s h m  by the jet i2ow at the t;raW.ng edge (or point) on tho nozzle, As 
pressure ratio was increased, tils flow continued to Zil1 the nozzle until 
a t  design conditions the j e t  was e x d t i n g  unifomily in the vector direc- 
t im  detensind by nomle orfentation, 

TNS is 

Cmcluding ,i€maritsr 

The ~lpsnshapell rioasle is a ugh-performance cxternnl-expnsion de- 
aim that lends itself to unusual packaging arran,aents on a vetiicle - 
e.g., the jet canard, 
aerodynmic and maction control. 
thc steerlnc function is m o v e d  fran the main propulsion system and ad- 
vantage is taken of tho long noment am. Undoubtedly, tids does not ccmm 
mfree.n The assessment of its o v a r a l l  merit will require d e t a i h d  might  
analyses (Wing into account the obvious bending noments that t.k vehicle 
structure m u s t  enduro) iu#i ~ k t h e r  vehicle integration study, The uncon- 
ventional nper.snape* w z z l a  has been demonstmbd to have excellnnt noff- 
design1' thrust perfomance. 
ing characteristics insofar as the sdjacent strwture might be influenced 
by temperature effects under certain conditions, 

'fie canard codiguration fs aimed at combining 
ay i t s  location an the uppornoat stage, 

Current work is underway to define j e t  spread- 
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